Objective Our objective was to assess the occurrence and determinants of selective citation in scientific publications on Strachan's original hygiene hypothesis. His hypothesis states that lack of exposure to infections in early childhood increases the risk of rhinitis. setting Web of Science Core Collection. Participants We identified 110 publications in this network, consisting of 5551 potential citations. Primary and secondary outcome measures Whether a citation occurs or not, measured and analysed according to the preregistered protocol. results We found evidence for citation bias in this field: publications supportive of the hypothesis were cited more often than non-supportive publications (OR adjusted for study design [adjOR] 2.2, 95% CI 1.6 to 3.1), and the same was the case for publications with mixed findings (adjOR 3.1, 95% CI 2.2 to 4.5). Other relevant determinants for citation were type of exposure, specificity, journal impact factor, authority and self-citation. Surprisingly, prospective cohort studies were cited less often than other empirical studies. Conclusions There is clear evidence for selective citation in this research field, and particularly for citation bias.
AbstrACt
Objective Our objective was to assess the occurrence and determinants of selective citation in scientific publications on Strachan's original hygiene hypothesis. His hypothesis states that lack of exposure to infections in early childhood increases the risk of rhinitis. setting Web of Science Core Collection. Participants We identified 110 publications in this network, consisting of 5551 potential citations. Primary and secondary outcome measures Whether a citation occurs or not, measured and analysed according to the preregistered protocol. results We found evidence for citation bias in this field: publications supportive of the hypothesis were cited more often than non-supportive publications (OR adjusted for study design [adjOR] 2.2, 95% CI 1.6 to 3.1), and the same was the case for publications with mixed findings (adjOR 3.1, 95% CI 2.2 to 4.5). Other relevant determinants for citation were type of exposure, specificity, journal impact factor, authority and self-citation. Surprisingly, prospective cohort studies were cited less often than other empirical studies. Conclusions There is clear evidence for selective citation in this research field, and particularly for citation bias.
bACkgrOund The hygiene hypothesis postulates that a high degree of hygiene in early life will increase the risk of developing allergies later in life. 1 2 The underlying mechanism has been the topic of scientific debate. Over time, this debate led to several adaptations and extensions of the hygiene hypothesis, which, as such, provides a good example of how science progresses. Ideally, this progress should be based on all existing evidence, but this is not always the case. 3 A citation analysis can help to reveal which part of the available evidence is taken into account, and which evidence is ignored. The current study does not concern the validity of the hygiene hypothesis per se, but rather the citation relations within the scientific literature on this hypothesis.
The hygiene hypothesis was originally proposed to explain the rising prevalence of allergies, with up to 20%-40% of the population in developed countries being affected. 4 Modern, urbanised life in developed countries generally shows higher levels of hygiene than in previous times or in low/middle-income countries. Hygiene limits exposure to infections. Exposure to infections, especially early in life, helps to develop and adapt the immune system to the environment in which we happen to live, in such a way that it learns to discriminate between harmless and harmful intruders. According to the hygiene hypothesis, it is this lack of exposure to relatively harmless intruders early in life that causes the immune system to malfunction later in life, hence the rise in allergies.
The hygiene hypothesis has been amended several times since its early days to give rise to newer theories such as the 'old friends hypothesis'. 5 6 According to this theory, it is not hygiene per se that is causing the rise in allergy prevalence, but the lack of exposure to some specific infections, and also to the gut microbiome and to non-viable intruders from the natural environment, such as endotoxins. Humans have been exposed to these strengths and limitations of this study ► The study assesses how evidence regarding the hygiene hypothesis propagates over time by analysing the likelihood of citation. ► It investigates which characteristics of a publication-such as study outcome, journal impact factor, author gender and affiliation, and authority within the field-have an impact on citation. ► We check whether supportive studies are cited more often by other studies within the field. ► Only articles related to the original hygiene hypothesis are included in this analysis.
Open access
'old friends' for many centuries and our immune system has co-evolved in their presence. As a result, our immune system has become dependent on the presence of these old friends in order to develop and function properly. This adapted hygiene hypothesis states that lack of exposure to these old friends may give rise not only to allergies, but to autoimmune diseases as well. The original hygiene hypothesis and its later adaptations have a lot in common, and much of the evidence that is supportive for one hypothesis is equally supportive for the others. However, this is not always the case. In our project, publications are classified as either supportive or non-supportive with regard to a hypothesis. For that reason it is important to precisely define the investigated hypothesis. In our citation network, we focus on the hygiene hypothesis as it was originally stated by Strachan, and not on later modifications. 1 2 This allows us to investigate the development of this hypothesis from the start. Concretely, this means that we focus on the impact of infections and the number of siblings on the development of rhinitis, like in Strachan's original study. 2 The number of publications in the research on the hygiene hypothesis is large. It is therefore not feasible for authors to cite every relevant publication in the network and some kind of selection needs to take place. If this selection is based on study outcome, we speak of citation bias. 3 7 The consequences of citation bias can be similar to those of publication bias and reporting bias: disregard of counterevidence leading to unfounded consensus 8 or polarisation, 9 ill-advised research programmes and research waste, 8 10 distorted information in the media 11 and misguided medical decisions. 12 Citation bias has been studied in many disciplines. Our systematic review gives an overview of these studies. 13 Many of these studies showed evidence for citation bias in their field, with supportive publications being cited about twice as often as non-supportive ones.
Factors other than study outcome may also have an impact on citation, as was recently shown by Onodera and Yoshikane. 14 Measures for journal status (impact factor), author status (number of citations, country of affiliation) and collaboration (number of authors, number of affiliations) were often found to be related to citation count. The same was consistently found for the number of references of the cited publication. Furthermore, the reporting 15 and source 16 17 of funding were shown to be related to citation, but the impact of author's affiliation 18 and gender [19] [20] [21] is less clear. On the other hand, sample size and study design-both markers of study quality, and as such legitimate reasons to base a citation on-often seem unrelated to citation. 17 18 22-24 In our previous citation networks, we also found associations with self-citation and the specificity of a publication, but not with the title of a publication. 25 26 In our study, we aimed (1) to assess the occurrence of citation bias in the scientific literature on the original hygiene hypothesis and (2) test for other signs of selective citation by assessing the impact of the other factors described above. We will make use of the claim-specific methodology developed by Greenberg, 8 but with a modification of the statistical analysis that allows us to test the impact of multiple factors, adjust for study design and take into account the variation in publication time.
MethOd
Prior to performing the citation network analysis, we described our methods in a study protocol and stored it at an online repository. 27 (Protocol deviations are described in the online supplementary text S1.) In brief, we applied a search strategy to the Web of Science Core Collection (WoSCC), identified relevant literature, downloaded these records with their reference lists, extracted data for each publication, built a dataset with potential citation paths and used specialised software to determine which citations had occurred. These steps will be explained in more detail below. Article selection (first based on title, then on abstract and finally full text; figure 1) and data extraction were performed independently by MJEU and BD. Results were compared after each step, and disagreements were resolved in consensus meetings. 
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For clarification: a publication in our network can both cite and be cited by other publications in the network, leading to a multitude of citation paths. Not all citation paths are possible as one can only cite articles that were published before. In our study, a citation is considered possible if the cited publication is published before the citing publication is submitted. If such potential citation occurred, we call it an actual citation (see also online supplementary text S2.) search strategy First, we took Strachan's seminal article in which the hygiene hypothesis was launched as point of departure. 2 Next, we identified all literature within WoSCC referring to this article. Finally, we limited the output to publications that mentioned hay fever in their title, keywords or abstract ('hay fever' OR 'hayfever' OR 'hay-fever' OR 'rhinitis' OR 'rhino*'). The search was performed by BD and updated until 16 August 2017. Only English language publications were included.
The search output was then limited to publications that investigated exposures related to the original hygiene hypothesis. This means that only publications investigating the effect of number of siblings and infection history were included. Publications on helminth infections were excluded, as different versions of the hygiene hypothesis would make contradictory predictions regarding their impact on allergies. Both empirical and non-empirical publications were included.
data extraction A range of characteristics were extracted or derived from each included publication. These characteristics are described below and were all tested as determinant of citation in the statistical analysis.
Publication characteristics: content related
The following variables were in this subcategory: type of exposure, publication type, sample size, specificity and study outcome.
Type of exposure refers to the type of exposure that is being studied or reviewed: only number of siblings, only infection history or both.
Publication type was classified into empirical and non-empirical publications. Empirical publications were further classified into the following study designs: cross-sectional, case-control, retrospective cohort and prospective cohort Non-empirical publications were further classified into: narrative reviews, systematic reviews and other (editorials, leading articles, commentaries).
Sample size concerned the number of participants in the publications. Non-empirical publications had no sample size. The sample size of the empirical publications was classified into three equal categories based on tertiles.
The specificity of the publications varied. Some publications only deal with Strachan's hygiene hypothesis, others are broader. Specificity ranges from 1 (very broad) to 3 (very specific). For instance, an empirical publication that only investigates the association between number of siblings and rhinitis would be classified as '3'; if it also investigates the impact of helminth infections and growing up on a farm, and if it also includes other health outcomes such as asthma or autoimmune diseases, it would be classified as '1'.
Study outcome was scored as follows: (1) supportive of the hygiene hypothesis; (2) mixed or unclear results; (3) non-supportive of the hygiene hypothesis. An inverse relationship between past exposure and rhinitis is considered to be supportive for the hygiene hypothesis, while a neutral or positive relationship was scored as non-supportive. The scoring was based on the authors' interpretation of the results, as it was stated in the text of the publication (see also online supplementary text S2 for more details).
Publication characteristics: not content related
The following variables were in this category: conclusiveness of the title, funding source, number of authors, number of affiliations and number of references. Title conclusiveness was coded as yes if in the title a conclusion was stated that included the direction of the relationship (eg, 'inverse relation between infections and allergies'), otherwise as no (eg, 'infections, rhinitis and their relationship'). Funding source was coded as non-profit (eg, government or university), for-profit, both or not reported.
Journal characteristics
The following variables were in this category: publisher and journal impact factor. Journal impact factor, in the publication year of the cited publication, was retrieved from the Journal Citation Reports (JCR) database. Journal publisher was also retrieved from JCR.
Author characteristics
The following variables were in this category: gender of the corresponding author (see also online supplementary text S2), continent of the corresponding author and affiliation of the corresponding author. Affiliation was classified as government, university, industry or other.
Citation characteristics
There were some variables that depend on the cited publication as well as the citing publication: self-citation and within-network authority. A self-citation was defined as a citation between two publications that have at least one author in common.
Authority was a measure for the authority of the authors within the network. It was calculated for each author and each year separately, by counting the number of within-network citations to all publications in which the author had been involved. As the number of citations is likely to increase each year, so does the author's authority. Because we were interested in the authority at the moment of citation, the authority value of a cited publication also depends on the publication year of the citing publication. In case of multiple authors, we used the authority value of the author with the highest authority in that year.
Open access statistical analysis
The dataset consisted of all potential citation paths between cited and citing publications. A potential citation path means that the cited publication is published before submission of the citing publication. The underlying assumption is that publications can only cite other publications up to the date of submission of the citing publication, and that publications can only be cited from their publication date onwards. All analyses were preregistered in the study protocol unless mentioned otherwise.
Impact of characteristics in the cited publication
Our binary dependent variable was citation within the network (or, more precisely, whether a potential citation had occurred or not). This was determined by the built-in algorithm of CitNetExplorer. 28 This algorithm makes use of reference lists that can be downloaded from the WoSCC. It links the reference lists of all publications in the network with the actual publications in the network. If possible, this linkage was done by digital object identifier (DOI), that is assigned to most present-day publications; otherwise it was based on a combination of first author's surname, first author's first initial, publication year, volume number and first page number. The determinants of citation in our analyses were the characteristics of the cited publication as described above.
Since each publication could refer to multiple other publications, the potential citation paths were related. Therefore, we used a multilevel approach in which the potential citations were nested under the citing publication. Specifically, we performed a univariate random-effects logistic regression for each determinant of citation. We repeated these analyses while adjusting for study design, as a proxy for study quality. Another proxy for study quality would be the study sample size. However, as reviews do not have a sample size, this adjusted analysis could only be performed on the subselection of cited empirical publications so we did not adjust for sample size in the main analysis.
In addition to the original analysis plan in the protocol, we also calculated the explained variance of the adjusted models, so that these models are easier to compare. For this purpose we calculated McFadden's R 2 .
Additional analyses were performed on subselections of the network: (1) only cited empirical publications were included (to investigate which empirical evidence is picked up by the rest of the field; explorative analysis); (2) only cited empirical publications and citing synthesis publications were included (to investigate which empirical evidence is picked up particularly by reviews and editorials). These analyses were adjusted for study design and for log-transformed sample size because in these subselections all cited publications had a sample size.
To check the robustness of our findings, we also ran some sensitivity analyses in which the following publications or citation paths were excluded: (3) the most cited publications (explorative analysis); (4) citation paths with less than 1 year between publication date of the cited publication and submission date of the citing publication were excluded (to check if a lag time would make a difference as it takes some time before most publications are known and have an impact); (5) citing publications that have less than 10 potential citations.
Impact of concordance
Where applicable, we also calculated whether the cited and the citing publications had the same characteristics (concordance). This would, for instance, be the case if supportive publications would prefer to cite other supportive publications, and if non-supportive publications would prefer to cite other non-supportive publications. If citation would be based on the concordance of study outcome, it would be another measure of citation bias. To test if concordance on several characteristics has an impact on the likelihood of citation, univariate and adjusted (for study design) fixed-effects logistic regression analyses were applied.
software
We used the built-in algorithm of CitNetExplorer v1.0.0 to extract the actual citations between publications. 28 We used R v3.2.4 to create a dataset with all potential citation paths, based on the data extraction sheet and the actual citations, and also to calculate the within-network authority and self-citation score for each potential citation path. Finally, we used Stata v13.1 to analyse the results.
Patient and public involvement
No patients were involved in this study.
results
A total number of 110 publications were identified that fit our criteria, published between 1995 and 2017 (figure 1, online supplementary text S3). Of these, 28 publications focused exclusively on the impact of household size on rhinitis, 48 on the impact of having had infections and 34 on the impact of both types of exposure. This network of 110 publications had a total of 5551 potential and 392 actual citation paths (7%) between these publications. Their main characteristics are depicted in table 1 (for more details see online supplementary table S1). About two-thirds of all publications in the network are empirical studies (39 cross-sectional, 4 case-control and 30 cohort studies), one-third are reviews (27 narrative reviews, 2 systematic reviews and 8 editorials or leading articles). The study outcome for 35 of the publications was mixed or unclear. Of the remaining publications with a clear study outcome, about 50% was supportive of the hygiene hypothesis (41 publications with an inverse association between siblings/infection and rhinitis) and about 50% was non-supportive (34 publications with no association or with a positive association). The number of citations ranged from 0 (45 publications) to 35, with a median of 1 citation per publication. A ranking of the most cited 
Impact of characteristics in the cited publication
The results of the regression analyses are presented in table 2. Empirical publications were cited more often than non-empirical publications. Compared with empirical studies with a cross-sectional design, prospective cohort studies, narrative reviews and editorials had a lower likelihood of citation, while the two systematic reviews had a higher likelihood of citation. Other determinants that increased the likelihood of citation were specificity, journal impact factor, sample size and within-network authority. Sample size had a modest impact on citation.
Publications on only one type of exposure were cited less often than publications on both types of exposure.
Supportive publications had a higher likelihood of being cited than non-supportive publications. This is in line with our hypothesis. However, publications with mixed results were cited even more often. This may be due to our scoring algorithm. After all, if a publication investigated both the number of siblings and the infection history, and it reported dissimilar outcomes for these two exposures, then this publication would have been scored as having mixed results. An explorative χ 2 test confirmed that type of exposure and study outcome were related (χ 2 (4)=52, p<0.0005), with 71% of all publications on both types of exposure reporting Open access Open access mixed results, compared with 4% of the publications on only number of siblings and 21% of the publications on only infection history. As double exposure studies are also cited more often compared with the single exposure studies, type of exposure should be considered as a confounder of study outcome. To correct for this, we performed an explorative random-effects logistic regression of citation on study outcome, adjusted for both study design and type of exposure. It showed that supportive publications had the highest chance of being cited (adjusted OR (adjOR) 3.1, 95% CI 2.2 to 4.3), compared with publications with mixed results (adjOR 2.4, 95% CI 1.5 to 3.7) and with non-supportive results (reference category; model R 2 =0. 12) . Surprisingly, publications with a conclusive title were less likely to receive citations. The format of the title may be prescribed by the journal regulations. We ran some explorative analyses in which we additionally adjusted for the (log-transformed) journal impact factor or publisher on top of study design. The impact of title conclusiveness remained high when additionally adjusted for journal impact factor (adjOR 0.4, 95% CI 0.2 to 0.6) or publisher (adjOR 0.3, 95% CI 0.2 to 0.6).
The above results are related to the network as a whole. Of particular importance is how empirical, evidence-generating publications were cited by the rest of the network. We repeated the above analyses on a subset of the cited publications, namely the empirical publications and tested which of their characteristics were related to citation. The results (online supplementary table S3) are very similar to the analyses on the complete network that include the cited non-empirical publications.
Likewise, we tested how empirical publications were cited by synthesis publications (online supplementary table S4). Again, the direction and magnitudes of the effects were all very similar, except for study outcome. Adjusted for study design, (log-transformed) sample size and type of exposure, supportive empirical publications were much more likely to be cited (adjOR 7.3, 95% CI 3.5 to 15.5) by reviews and editorials, whereas empirical publications with mixed results seemed less likely to be cited (adjOR 0.4, 95% CI 0.2 to 0.9) compared with non-supportive empirical publications (reference category; model R 2 =0.12). As a side note: these analyses are based on a smaller number of cited and citing publications and should be interpreted with caution.
The sensitivity analyses without the four most cited publications showed some dissimilar results (online supplementary table S5). The impact of study outcome decreased, the impact of male authors and of North American authors disappeared and the impact of casecontrol studies reversed. The other two sensitivity analyses (with a 1-year lag time immediately after publication; without citing publications with less than 10 potential citation paths) all showed similar results as the main analyses (online supplementary tables S6 and S7).
Impact of concordance
In addition, we tested whether publications were more likely to be cited by publications with similar characteristics. The results are shown in table 3. It shows that publications tended to be cited mostly by publications with the same type of exposure, with a similar study outcome, with a corresponding author from the same continent and with one or more authors in common ('self-citation').
dIsCussIOn
Our research aim was to evaluate the impact of study outcome and other factors on the likelihood of being cited in the scientific literature on the original hygiene hypothesis stated by Strachan. 2 We found that study outcome, type of exposure, study design, specificity, title conclusiveness, journal impact factor and the authors' continent, affiliation, authority and self-citation all have a substantial impact on the likelihood of citation.
With regard to study outcome, supportive publications are cited more than three times more often than non-supportive publications, while publications with mixed results are cited more than two times as often. This is a clear sign of citation bias, and corroborates previous findings. 13 Similarly, publications are more likely to refer to other publications with the same study outcome rather than to those that provide counterevidence to their conclusion. This type of citation bias (based on concordance) has not been studied frequently. In our previous network analyses, on trans fatty acids-cholesterol, and on chlorinated water-asthma, we found no evidence for increased citations between publications with Open access the same study outcomes, 25 26 but three other studies, all related to cardiovascular disease, did find evidence for this type of citation bias. 9 29 30 The magnitude of citation bias even increases if we focus on how empirical publications are cited by reviews and editorials. Reviews and editorials in our network are up to eight times more likely to cite supportive publications rather than non-supportive ones. As reviews are generally assumed to give an unbiased summary of the existing evidence, this is a worrying finding. It confirms the notion that people should be cautious to rely on narrative reviews. Greenberg states that reviews play an important role in the development and acceptance of belief systems. 8 According to him, reviews can amplify the impact of empirical studies because their evidence is propagated when these reviews are cited themselves. Trinquart et al showed that reviews (including systematic reviews) on the health impact of salt intake display signs of citation bias, and that the conclusions of these reviews were in the same direction as the evidence they include. 9 A similar link between the selective citation of supportive evidence and supportive conclusions of reviews was found by Leng. 29 This mechanism might explain how reviews can amplify the effect of citation bias. If reviews draw supportive conclusions based on selective citation of supportive evidence, then support for a hypothesis will be propagated while counterevidence will fade from the literature.
In our analyses, we consider study design as a proxy for study quality. We believe systematic reviews to be of higher quality than narrative reviews and editorials, and thus to receive more citations. In our network, this is indeed the case. Similarly, we believe that cohort studies outrank cross-sectional and case-control studies but to our surprise they are less likely to be cited. Prospective cohort studies, even though they provide the highest type of evidence in this network, receive the fewest citations of all empirical study designs. This may be due to the fact that these cohort studies tend to focus on multiple risk factors of which only one or two are relevant for the hygiene hypothesis. But the fact that multiple risk factors are investigated in these cohort studies does not imply that their findings on the impact of siblings or infections are of any lesser value or should be ignored.
This study has several limitations. First, it includes two overlapping subnetworks, as is shown by the high OR in the concordance analysis of type of exposure. This makes it difficult to infer for which result a certain publication was cited. Related to this issue, the preregistered operationalisation of study outcome could not be applied because of the hybrid nature of the network, so we developed a scoring system that fits better. Also, there are different versions of the hygiene hypothesis, and support for one version may not be supportive for another one. We dealt with this issue by limiting ourselves to Strachan's original hygiene hypothesis, and by excluding any determinants with conflicting predictions in different versions. Despite these limitations, sensitivity analyses show that the results seem robust against chance findings. Another limitation is our use of ORs to assess the likelihood of citation. The OR may overestimate the true relative risk in studies where the outcome is common (ie, occurs in more than 5% of all cases 31 ). In our network, citation is not a common outcome (7%) and consequently the overestimation of the true relative risk will be relatively small.
To conclude, there is evidence for selective citation in this network. Several characteristics of a publication can make it more likely to be cited such as the authority and the continent of the author, the impact factor of the journal, the way Open access in which the title was stated, and also study design and study outcome. The fact that supportive publications are cited more often than non-supportive ones, particularly if we look at how empirical publications are being picked up by the rest of the network, is a clear sign of citation bias. Finally, this study also shows that particularly narrative reviews may have a preference to refer to supportive evidence.
